sequencing revealed the genes and pathways involved in salinity stress of Chinese mitten crab, Eriocheir sinensis. Physiol Genomics 46: 177-190, 2014. First published January 14, 2014 doi:10.1152/physiolgenomics.00191.2013.-A total of 276.9 million reads were obtained and assembled into 206, 371 contigs with an average length of 614 bp and N50 of 1,470 bp. Comparison of digital gene expression between treatment and control group reveals 1,151 and 941 genes were significantly differentially expressed in crab gill and muscle, respectively. In gill and muscle, protein ubiquitination, ubiquinone biosynthesis, oxidative phosphorylation, and mitochondria dysfunction pathways were the top pathways differentially expressed following the challenge. EIF 2 signaling pathway and IGF-1 signaling pathway were the top ones among the signal-related pathways. Most of the amino acid metabolism pathways were found to be involved in this process. The expression patterns of 15 differentially expressed genes were validated by quantitative real-time RT-PCR (average correlation coefficient 0.80). This is the first report of expression analysis of genes and pathways involved in osmoregulation of Eriocheir sinensis through transcriptome sequencing. The findings of this study will further promote the understanding of the underlying molecular mechanism of salinity stress adaptation for crustacean species.
AMONG WATER QUALITY PARAMETERS, salinity can have direct effects on the physiological status of aquatic animals by adjusting osmoregulation capacity, as one of the most important environmental factors (18, 29) . The Chinese mitten crab, Eriocheir sinensis, can serve as an animal model, since, among crustacean species, it is a strong osmoregulator that can maintain its hemolymph composition and thrives in either seawater or freshwater (10, 53, 56) . Previous studies have proved that E. sinensis can deal with ambient salinity change throughout its whole life cycle (10, 42, 47, 49, 50, 56, 67) . However, the underlying mechanism of osmoregulation of E. sinensis has not been fully revealed, especially at the molecular biology level, including genes and pathways.
Ambient salinity change can lead to plasma-enhanced stressrelated hormones, stimulation of energy metabolism, disruption of electrolyte equilibrium, and many other physiological responses in aquatic animals (43) . Many studies have found that salinity stress will cause oxidative damage, led by enhanced reactive oxygen species (ROS), to aquatic animals including fish and crustacean species (41, 62) , such as Paralichthys olivaceus (6) , Acipenser naccarii (18, 43, 45) , Litopenaeus vannamei (36, 41) , and Scylla serrata (52) . However, the underlying mechanism or the pathways related to ROS generation induced by salinity have not been fully revealed.
Previous studies have shown that free amino acids have important functions in the cell volume change and osmoregulatory processes, since ambient salinity change in most aquatic species will cause intracellular free amino acid accumulation (20, 23, 24, 28, 46, 78) . Among the amino acids, proline, alanine, glutamic acid, glycine, and taurine are key contributors in the osmoregulation of crustaceans, but different species have different important free amino acids in this process (65) . Amino acids are much more concentrated in the muscle than in the hemolymph of E. sinensis adapted to seawater (70) . To understand the underlying mechanism of free amino acid function in osmoregulation in aquatic animals, previous studies only focused on the gene of glutamate dehydrogenase in L. vannamei (34, 35) , E. sinensis (72) , and Tigriopus californicus (73) and ␦-pyrroline-5-carboxylase reductase and ␦-pyrroline-5-carboxylase synthase in T. californicus (74) . However, the pathways related to amino acids involved in the osmoregulation of aquatic animals have not yet been fully demonstrated.
The way in which aquatic animals respond to ambient salinity stress is quite complex and extends from behavior to the molecular level (31) . To achieve ion homeostasis during salinity stress, aquatic animals must activate appropriate signal transduction pathways and send messages to specific target molecules by signal transducers to restore homeostasis (13, (15) (16) (17) . However, information about the signal transduction events for osmoregulation in aquatic animals is limited (15) .
Recently, high-throughput next-generation sequencing techniques have been widely used in gene expression profiling and pathways studies, which have many advantages compared with microarray technology, which requires drafting genome sequence or expressed sequence tag information (12) . For aquatic animals, successful examples have been applied in Ictalurus punctatus (33) , Villosa lienosa (71) , Oncorhynchus mykiss (59) , and L.vannamei (5) . High-throughput next-generation sequencing has proven to be a sufficient tool for capturing the gene and pathway response of aquatic animals to ambient stress (64, (75) (76) (77) . Therefore, we conducted RNA-Seq to capture a significant portion of the E. sinensis transcriptome and enhance our understanding of the osmoregulation-related expression patterns and pathways. This is the first transcriptome study to investigate the osmoregulation of E. sinensis, and the results reveal that several pathways related to oxidative stress, signal transduction, amino acid metabolism, and other pathways were significantly altered after exposure to high salinity. These data will further enhance the understanding of the mechanism of osmoregulation in aquatic animals.
MATERIALS AND METHODS

Animals.
Healthy male E. sinensis (71-82 g) were obtained from a local farm in Shanghai, China. Crabs were acclimated in tanks for 10 days to fully aerated freshwater. Temperature was maintained at 17-21.5°C. After 10 days, we divided the healthy crabs, deprived of food for 24 h, into two salinity groups in tanks (80 cm ϫ 60 cm ϫ 60 cm) with 168 l water volume, one group in freshwater serving as the control, and the other challenged with 30% salt water. There were triplicate tanks for each treatment with 20 crabs in each tank. Muscle and gill were sampled for RNA extraction at the beginning and at 24 h postsalinity challenge according to our previous finding in glutamate dehydrogenase response to ambient salinity change (72) , since the gill is the tissue that is in direct contact with ambient water, and it has been proved that gill is one of the most important tissues for osmoregulation of aquatic animals (13, 14, 16) , and muscle is one of the largest energy and amino acid pool, which can meet the energy demand for stress (72) . Fifteen crabs from either the control or treatment were pooled for RNA-Seq analysis (5 crabs each pool). Another set of sample of five crabs in each pool was used for real-time quantitative (q) PCR. During the challenge test, feedings were paused. All crab specimens were frozen immediately in liquid nitrogen and then transferred to storage at Ϫ80°C prior to RNA extraction.
Total RNA extraction, library construction, and sequencing. Total RNA extractions from gill and muscle were carried out with the Unizol Reagent kit (Biostar, Shanghai, China) according to the manufacturer's protocol and were treated with DNase I. The concentration and quality of total RNA were examined by using Bioanalyzer 2100 and Quibt meter. RNA-Seq library preparation and sequencing were conducted by the Hudsonalpha Institute. Raw reads were archived at the National Center for Biotechnology Information's Sequence Read Archive under accession no. SRP013881.
De novo assembly of sequencing reads. Before assembly, raw sequence data, reads with quality scores Ͻ20 and length Ͻ15 bp, were trimmed by removal of ambiguous nucleotides with CLC Genomics Workbench (version 4.9; CLC bio, Aarhus, Denmark). The highquality trimmed sequences were used for further subsequent assembly.
De Brujin graph assemblers were used for de novo assembly to obtain the best assembly results (33) . In brief, the clean reads were first hashed according to predefined k-mer length ("k-mers"). Then after capture of overlaps of length k-1 between these k-mers, the short reads were assembled into contigs. We used ABySS (version 1.2.5) and Trans-ABySS (version 1.2.2) (63). The k-mer size was set from 25 to 49 in ABySS; assemblies from all k-mer lengths were merged into one assembly by Trans-ABySS to generate the transcriptome assembly. Twenty-five assemblies were generated in ABySS, yielding 4.6 million contigs. Assemblies ranged from 19,370 contigs to 372,809 contigs with N50 sizes from 448 to 909 bp. CD-Hit (4.5.4) CAP3 was used to remove redundancy and contigs Ͼ200 bp (25, 37) . The threshold was set as identity equal to 1 in CD-Hit, the minimal overlap length and identity equal to 100 bp, and 99% in CAP3.
Gene annotation and ontology. The UniProtKb/SwissProt database and the nonredundant (NR) protein database were used to BLAST the assembly contigs. The cutoff E-value was 1e-5, and only the top gene ID and name were assigned to each contig. The UniProtKb/SwissProt BLAST results in Blast2GO version 2.5.0 were used for the Gene (21) . After gene ID mapping, GO term assignment, the annotation augmentation and generic GO-Slim process, the annotation result was categorized into biological process, molecular function, and cellular components.
Differentially expressed contig identification. The high-quality reads from each sample were mapped onto the Trans-ABySS reference assembly with CLC Genomics Workbench software. The total mapped read number for each transcript was first determined and then normalized to determine reads per kilobase of exon model per million mapped reads. To identify the differently expressed genes between control and sample with P values Ͻ 0.05, we used the proportionsbased test (27) . Transcripts with absolute fold change values Ͼ 2, total read number Ͼ 5, and corrected P value Ͻ 0.05 were included in the analysis as differently expressed contigs.
GO and pathway analysis. GO analysis of significantly expressed GO terms was performed with Ontologizer 2.0 by the parent-childintersection method with a Benjamini-Hochberg multiple testing correction to identify overrepresented GO annotations in the differentially expressed gene set compared with the broader reference assembly (4, 22) . We used UniProtKb/SwissProt annotations to obtain GO terms for each gene. The difference of the frequency of assignment of GO terms in the differentially expressed gene sets was compared with the reference assembly. The threshold was set as false discovery rate value Ͻ0.1. The significantly differentially expressed genes were analyzed by Ingenuity Pathway Analysis (IPA) program (https:// analysis.ingenuity.com), with the goal of revealing the enriched biochemical pathways. This pathway-based software is designed to identify global canonical pathways, dynamically generated biological networks, and global functions from a given list of genes. Basically, the genes with their symbols, corresponding Uniprot accession numbers, or both were uploaded into the IPA and compared with the genes included in each canonical pathway using the whole gene set of IPKB as the background. All the pathways with one or more genes overlapping the candidate genes were extracted. In IPA, each of these pathways was assigned a P value via Fisher's exact test, which denotes the probability of overlap between the pathway and input genes.
Experimental validation. Samples of the control and challenged groups 24 h postchallenge were used for validation, with each treatment performed in triplicate. We randomly selected 15 significantly expressed genes for validation with real-time qPCR with gene-specific primers designed using Primer3web (version 4.0.0) ( Table 1) (30, 68) . Total RNA was extracted from the target tissues using a Unizol Reagent kit (Biostar) according to the manufacturer's protocol. Samples of polyadenylated RNA were reverse-transcribed from 1 g of total RNA denatured at 70°C for 5 min. Reactions were carried out in a total volume of 25 l, and the volumes of the reaction components were as follows: 1 l dNTP (25 mM), 0.5 l Oligo dT, 5 l Tp Moloney murine leukemia virus (MMLV), 2.5 l DTT, 0.325 l RNasine, and 0.675 l MMLV. The protocol to realize reverse transcription was 25°C for 10 min, 42°C for 50 min, and 94°C for 5 min. The qPCR was carried out in the iCycler iQ real-time PCR system (Bio-Rad Laboratories, Richmond, CA) using SYBR Green. The amplifications were performed in a 96-well plate in a 15 l reaction volume containing 7.5 l of SYBR Green Master Mix (Bio-Rad), 0.5 l (each) gene-specific forward and reverse primers, 1.5 l nuclease-free water, and 5 l of five-time diluted cDNA. The thermal profile for SYBR Green PCR was 95°C for 3 min followed by 40 cycles of 95°C for 30 s and 60°C for 1 min. ␤-Actin gene was set as the reference gene; relative fold changes were calculated in the Relative Expression Software Tool version 2009 based on the cycle threshold values generated by qPCR (54) .
RESULTS
Illumina RNA-Seq sequencing and de novo assembly. A total of 276.9 million reads (50 bp) were generated, including 78.5 million and 66.4 million reads from the control gill and muscle, respectively, and 66.4 million and 65.6 million reads from gill and muscle, respectively, under salinity stress. After the filtering, a total of 252.8 million reads (91.29% of total reads) were used for downstream transcriptome assembly (Table 2) , which generated 595,256 contigs with average length of 348 bp and N50 size of 1,470 bp (Table 3) , including 34.7% contigs Ͼ200 bp and 8.69% contigs Ͼ1,000 bp. After the redundancy filter, a total of 105,910 contigs were generated with an average length of 614 bp (Table 3) .
Gene identification and annotation. In total, 20.19% (21,385) of the Trans-AbySS contigs had a significant BLAST hit against the UniProt database and 11,255 unique protein hits (Table 4) . We identified more unique protein hits after searching against the NR database, with 16,183 unique proteins (Table 4) . To evaluate the quality of the assembled genes further, we identified the number of unique genes (unigenes) matching protein sequences in public databases with the stringent criteria of a BLAST score Ն 100 and E-value Յ 1e-20. These criteria allowed for the identification of 7,651 and 10,919 genes from the UniProt and NR databases, respectively.
Identification and analysis of differentially expressed genes. Using a twofold change cut-off and after the annotation, we found 1,151 (793 up and 358 down) and 941(359 up and 582 down) unigenes differentially expressed at 24 h after salinity challenge relative to control in muscle and gills, respectively. Read coverage (average contig size) within the differentially Putative gene matches were at E-value Յ 1e-5. Hypothetical gene matches denote those BLAST hits with uninformative annotation. Quality unigene hits denote more stringent parameters, score Ն100.
shows that metabolic process (GO:0008152), binding (GO: 0005488), and cell (GO:0005623) were the most common annotation terms in the three GO categories for both muscle and gill of the crab.
IPA revealed the pathways significantly changed after the challenge, including three categories: oxidative stress-related pathways, signal transduction-related pathways, and metabolism-related pathways (Table 5 and 6 ). In gill and muscle, protein ubiquitination, ubiquinone biosynthesis, oxidative phosphorylation, and mitochondria dysfunction pathways were the top pathways altered after the challenge (Fig. 1-4) .
Ten amino acid metabolism pathways including 35 genes were involved in the osmoregulation of Chinese mitten crab in gill (Table 7 ) and six pathways containing 17 genes in muscle (Table 8) . Among these pathways, in both gill and muscle we found four pathways: glutamate metabolism; 2.88E-02 GSTZ1,HSD17B10,GSTT1,CYP1A2,PECR,ALDH3B1,HPGDS Fig. 1 . Protein ubiquitination pathway response to ambient salinity stress in gill of the Chinese mitten crab. The overall pathway was built with Ingenuity Pathway Analysis software. White objects denote measured genes with no significant change, red shading denotes upregulation, and green shading downregulation in expression relative to the control. The darker the color, either red or green, the higher the fold change.
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Validation of RNA-Seq by qPCR.
To validate the differentially expressed genes identified by RNA-Seq, we randomly selected 15 genes for qPCR confirmation from those with differing expression patterns and from genes of interest based on functional enrichment and pathway results. Melting-curve analysis revealed a single product for all tested genes. Fold changes from qPCR were compared with the RNA-Seq expression analysis results (Fig. 5) . qPCR results were significantly correlated with the RNA-Seq results with a correlation coefficient of 0.80 (P value Ͻ 0.001). In general, the RNA-Seq results were confirmed by the qPCR results, indicating the reliability and accuracy of the Trans-ABySS reference assembly and RNA-Seq expression analysis.
DISCUSSION
All crabs fared well throughout the experiment of challenge, and no crab died, which proved that Chinese mitten crab is a strong osmoregulator and can survive in either seawater or freshwater (10, 53, 56) . Osmoregulation in crustaceans is a very complex process because of the diverse habitats of different species. Therefore, High-throughput RNA-Seq could be one of the best ways to understand the underlying molecular mechanisms of osmoregulation. In the present study, we utilized RNA-Seq to discover the expression profiling following ambient salinity challenge, and we are the first to report several key pathways related to the salinity stress and osmoregulation in Chinese mitten crab.
Oxidative-related pathways. Most studies on salinity stress focus on plants, as plants often face salinity stress, and their lack of mobility forces the plants to develop stress-response mechanisms; extensive studies have revealed multiple oxidative stress-and signal transduction-related pathways (1, 9, 65) . Although in the crab and other crustacean species, it has been shown that high salinity can induce oxidative stress, and several oxidative stress-related enzymes and mechanisms have been studied (7, 51, 52, 57, 71, 77) , knowledge about overall pathway changes following the salinity stress is still limited. The present study is the first report to reveal the salinity stress response in crab at the pathway level. Protein ubiquitination is the most significantly altered pathway (1E-18) following the stress, as oxidative stress could increase the levels of ubiquitin conjugates in the various cell types (40, 60, 61) , and similar findings were found in Leuciscus waleckii inhabiting an extremely alkaline saline lake (76) . Ubiquinone (coenzyme Q) is an essential lipid electron carrier in the mitochondria respiratory chain, also functions as an antioxidant, and participates as a cofactor of mitochondrial uncoupling proteins (29) . In addition, the ubiquinone biosynthesis pathway is also activated following oxidative stress. Liu and colleagues (40) reported that modification of the ubiquinone pool in mice, by directly per- Fig. 2 . Mitochondrial dysfunction pathway response to ambient salinity stress in gill of the Chinese mitten crab. The overall pathway was built with Ingenuity Pathway Analysis software. White objects denote measured genes with no significant change, red shading denotes upregulation, and green shading downregulation in expression relative to the control. The darker the color, either red or green, the higher the fold change.
turbing the ubiquinone synthesis pathway, results in increased longevity and higher resistance to oxidative stress. Mitochondria dysfunction pathways revealed the disruption of mitochondria normal function caused by oxidative stress, as ROS-mediated oxidative stress overpowers the antioxidant defense system. The concentration of mitochondrial oxidative phosphorylation is tuned to the maximum energy conversion requirements of a given tissue, and it was hypothesized that its activity is modulated by tissue metabolic stress to maintain energy-metabolism homeostasis (55) .
Amino acid metabolism-related pathways. We found 10 amino acid metabolism pathways in gill and six pathways in muscle participating in the process of osmoregulation, and overall, the majority of differentially expressed genes were upregulated, proving that free amino acids are important intracellular osmotic effectors in crustacean (2, 3, 11, 46, 72) .
Four common pathways, alanine and aspartate metabolism; phenylalanine, tyrosine, and tryptophan biosynthesis; D-glutamine and D-glutamate metabolism; and glutamate metabolism, were found respond to salinity challenge in both crab muscle and gill, indicating the amino acids in these pathways could play important roles in the osmoregulation of Chinese mitten crab. Our previous study showed that for the Chinese mitten crab, the muscle free amino acid concentration increase was due to specific changes in arginine, proline, glycine, alanine, taurine, serine, and glutamic acid, with arginine, proline, and alanine accounting for the highest proportions of total free amino acids. Arginine, proline, and alanine increased significantly with increasing salinity and time (72) . Therefore, combining the results of RNA-Seq pathway analysis with the determination of the corresponding amino acid content suggests that alanine, glutamate acid, and closely related metabolism amino acids, such as proline, could be the key osmolytes for Chinese mitten crab.
Analyzing the expression patterns of target genes responding to ambient salinity could further promote the understanding of the molecular mechanism of amino acids in the process of osmoregulation. Acute hyperosmotic challenge enhances GDH expression in the muscle of E. sinensis to accelerate free amino acid metabolism, especially the synthesis of proline and alanine, by increasing the synthesis of glutamic acid, to meet the demand for osmoregulation (72) . The fold change of glutamate dehydrogenase (1.860 in gill and 1.94 in muscle) of the present study further improves the finding. However, other genes revealed in this study have not been studied with regard to their function and response to ambient salinity challenge in crustacean species.
Signal transduction-related pathways. In this study, the eukaryotic initiation factor-2 (EIF 2) signaling pathway was the top pathway in muscle to respond to ambient salinity stress in the Chinese mitten crab. EIF2 plays a critical role in the integrated stress response pathway. A similar finding was found in L. waleckii, in which EIF was listed in the top enriched pathways (77) . Under cellular stress, phosphorylation of the alpha subunit of EIF2 is essential for immediate shut-off of translation and activation of stress response Fig. 4 . Mitochondrial dysfunction pathway response to ambient salinity stress in muscle of the Chinese mitten crab. The overall pathway was built with Ingenuity Pathway Analysis software. White objects denote measured genes with no significant change, red shading denotes upregulation, and green shading downregulation in expression relative to the control. The darker the color, either red or green, the higher the fold change. genes (19) . In contrast, the IGF-1 signaling pathway responded closely to ambient salinity stress in the gill of Chinese mitten crab. This may be because IGF-1 can increase gill chloride cell numbers during seawater adaptation (58) . Multiple studies have reported that mutations in an insulin/IGF-I-like signaling pathway lead to resistance to a variety of stresses including oxidative stress induced by paraquat (26, 32, 39, 69) . Protein kinase A signaling was found in both gill and muscle, indicating that energy metabolism is an important function in osmoregulation of Chinese mitten crab, because protein kinase A can regulate metabolism of glycogen, sugar, and lipid metabolism. Protein kinase C has proved to be a major cell signaling intersection with an established role during osmotic stress, including promoting cell volume regulation during hypoosmotic stress (48) . However, knowledge about signal transduction pathways governing the activity of osmoregulation is limited; further studies on this topic should be conducted.
Pathway differences between muscle and gill. Since crustaceans exhibit a variety of osmotic and ionic regulatory mechanisms (44) , functional gene expression may vary between tissues. In this study, protein ubiquitination, ubiquinone biosynthesis, oxidative phosphorylation, and mitochondrial dysfunction are the top oxidative stress-related pathways found in both muscle and gill, indicating that osmotic challenge increased oxidative damage to the Chinese mitten crab.
Since muscle is the main tissue of protein deposition and the largest amino acid pool, amino acid metabolism mainly takes place in this tissue. Therefore, the amino acid pool could be mobilized when free amino acids are required for a physiological function, such as response to salinity challenge (34, 72) . Previous studies have shown that after a salinity change, the free amino acids in muscle are mobilized and released into the blood, and the additional osmotic load at the blood level will increase the inward water flow from the external medium (8) , which proves that the free amino acids are involved in osmoregulation in crustacean and contribute to the osmoregulation capacity when ambient salinity changes (38) . However, relatively fewer pathways and differentially expressed genes were found in muscle than in gill from Chinese mitten crabs challenged with salinity after 24 h, as gills are exposed directly to the external aqueous environment and are the dominant site for the balance of ion movement between gain and loss (14, 15) . The gill oxidative phosphorylation and mitochondria dysfunction pathways were more significant than those of the muscle, which may indicate that the gill was facing much more severe salinity stress. The sample time after ambient salinity challenge, which might be somewhat soon for the muscle to respond, may be another factor leading to this result, but it needs further study. Only one common pathway, protein kinase A signaling, was found in both gill and muscle in the Chinese mitten crab. Since little attention has been directed toward identifying signal transduction, more studies should be conducted in related fields.
Conclusions
Overall, this study successfully captured a broad representation of genes from the Chinese mitten crab and accurately quantified the transcript level of 882 and 960 differentially expressed genes in gill and muscle of Chinese mitten crabs responding to ambient salinity challenge. Protein ubiquitination, ubiquinone biosynthesis, oxidative phosphorylation, mitochondrial dysfunction EIF2 signaling, IGF-1 signaling, and amino acid metabolism are the top oxidative stress-related pathways in the Chinese mitten crab after ambient salinity challenge. The pathways and the gene expression patterns provide insight into understanding the molecular mechanism of osmoregulation for Crustacean species. 
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